Introduction
============

Adaptive immune systems of most archaea and many bacteria primarily target invading viruses and conjugative plasmids and have recently been classified into major classes, denoted types I, II, IIIA and IIIB ([@b7]; [@b33]; [@b37]; [@b30]). Operationally, these CRISPR (clustered regularly interspaced palindromic repeats) systems share three main functional steps, adaptation, processing of CRISPR transcripts and interference, each associated with specific Cas proteins. Adaptation, the most conserved step mechanistically, involves the cleavage and uptake of foreign DNA as new spacers at, or near, the leader-adjacent repeat of CRISPR arrays ([@b4]; [@b11]; [@b22]; [@b28]). Proteins Cas1, Cas2 and Cas4 have been implicated in this process, primarily on the basis of comparative genomic studies (reviewed in [@b13]; [@b30]). CRISPR transcripts initiating within the leader region are cleaved specifically within repeat sequences to yield guide crRNAs either by the Cas6 protein for type I and III systems, or by a combination of a tracrRNA and RNase III in the bacteria-specific type II system ([@b48]; [@b49]; [@b8]; [@b9]). In the type IIIA and IIIB systems, targeting DNA and RNA respectively, guide crRNAs undergo further maturation at their 3′ ends ([@b18]; [@b19]; [@b21]; [@b55]). Functional interference complexes, consisting of guide crRNAs associated with a group of Cas proteins, target and cleave the nucleic acid components of invading genetic elements, and these modules generate most of the structural and functional diversity prevalent among CRISPR-based immune systems ([@b25]; [@b29]; [@b55]).

Although considerable progress has been made in elucidating details of the different CRISPR RNA processing and maturation mechanisms, and in determining the protein composition and structures of the different interference complexes involved in DNA and RNA targeting of type I and type IIIB systems, respectively, we still have limited insight into the nature and mechanism of the adaptation step. In early studies it was demonstrated that closely related strains of *Mycobacterium tuberculosis* carried different spacer sequences at one end of their CRISPR arrays, consistent with new spacers having been added ([@b23]; [@b16]) and this was later exploited as a typing strategy, spoligotyping (SPacer OLIGOnucleotide TYPING), where the variable region of the CRISPR array was characterized by PCR amplification and sequencing ([@b2]; [@b26]). Studies on archaeal CRISPR arrays, linked to the more complex CRISPR-based immune systems of different *Sulfolobus* species, underpinned this result by demonstrating the accumulation of multiple new spacers at the leader end of the CRISPR arrays but they also provided evidence for a complex picture of dynamic changes, including indels and rearrangements, occurring within the repeat arrays ([@b27]; [@b28]; [@b22]). Furthermore, environmental studies of CRISPR arrays of bacteria and archaea within biofilms provided evidence for a dynamic interplay between viruses and the spacer contents of CRISPR arrays. The results were consistent with mutations occurring in viral genomes to avoid targeting by guide crRNAs which resulted in the periodic uptake of new matching spacers at one end of the CRISPR arrays ([@b1]; [@b50]).

Successful uptake of spacers was first observed in the laboratory for the bacteria-specific type II CRISPR system of *Streptococcus thermophilus*. This process was induced by single phages and insertions occurred adjacent to leaders for two of three CRISPR loci which, in turn, led to phage resistance of the host. Single spacer inserts were detected in 39 phage-resistant mutants with a few carrying a further one to three spacer inserts ([@b4]; [@b11]; [@b24]). Very recently, unspecific uptake of chromosomal and plasmid vector protospacer DNA into CRISPR loci of *Escherichia coli* was shown to be induced by overexpression of two of the adaptation-associated proteins Cas1 and Cas2 ([@b54]). Important for the adaptation mechanism are the short sequence PAM motifs (protospacer associated motif) located at the end of the protospacer that becomes leader proximal in the CRISPR array for all archaeal type I and III systems, and leader distal in the bacteria-specific type II system ([@b4]; [@b28]; [@b34]).

Here we investigated activation of the adaptation reaction in the model crenarchaeon *Sulfolobus solfataricus* P2 by viral infection. The organism is an excellent host for a variety of archaeal viruses and conjugative plasmids ([@b56]; [@b57]). It carries six CRISPR loci, A to F, two gene cassettes encoding the adaptation-associated proteins Cas1, Cas2 and Cas4 ([@b14]) and three gene cassettes associated with type I and IIIB interference modules that target DNA and RNA respectively ([@b17]; [@b31]; [@b55]). The six CRISPR arrays fall into two main crenarchaeal subfamilies on the basis of the sequences of their repeats, leaders, PAM motifs and associated Cas1 proteins ([@b28]; [@b42]). Loci A and B belong to subfamily II and loci C to F belong to the more common subfamily I. Loci E and F carry repeats differing at one base pair from those of loci C and D and, whereas locus E contains a different type of leader, locus F has no leader and loci E and F are not physically proximal to adaptation-associated genes ([@b28]). Infecting the *Sulfolobus* cells with a purified environmental virus mixture produced hyperactive adaptation of subfamily I CRISPR arrays C, D and E by two different mechanisms.

Results
=======

Activation of adaptation by viruses
-----------------------------------

Initial experiments were performed to induce new spacer uptake into the six CRISPR arrays A to F of *S. solfataricus* P2 ([Fig. 1A](#fig01){ref-type="fig"}) by infecting with single purified archaeal viruses, the rudivirus SIRV2, the bicaudavirus ATV and a tailed-fusiform virus STSV2. Only STSV2 (a variant of STSV1 --[@b53]) propagated stably over longer periods but examination of the sizes of PCR products generated from the leader-proximal ends of the six CRISPR loci, tested over several weeks, failed to yield evidence for adaptation. Therefore, experiments were performed with an environmental sample containing archaeal viruses using the same PCR approach. An enrichment culture was established of a sample taken from a hot spring in Yellowstone National Park and virus-like particles were isolated from the supernatant. The main viral morphotypes present in the mixture were shown by electron microscopy to resemble closely those of crenarchaeal viruses, including single-tailed STSV1 and HAV2, two-tailed ATV and rod-shaped HAV1 ([Fig. 1B](#fig01){ref-type="fig"}) ([@b20]; [@b53]; [@b12]). This virus mixture was used to infect *S. solfataricus* P2. Examination of the viral content of the *S. solfataricus* P2-infected culture by electron microscopy 6 days post infection revealed that primarily the single-tailed fusiform virions were present with very few two-tailed virions and no rod-shaped virions ([Fig. 1C](#fig01){ref-type="fig"}).

![CRISPR loci and viruses infecting *S. solfataricus* P2.\
A. Scheme of six CRISPR loci of *S. solfataricus* P2, their associated leader regions (L), and genes encoding adaptation-associated Cas1, Cas2 and Cas4. Numbers of repeat-spacer units within CRISPR arrays are given.\
B and C. Electron micrographs of virus particles isolated from (B) supernatant of the enrichment culture, and (C) *S. solfataricus* P2 6 days post infection with the virus mixture in (B). Samples were negatively stained with 1% uranyl acetate and size bars are included.](mmi0085-1044-f1){#fig01}

Initially, cultures of uninfected and virus-infected *S. solfataricus* P2 produced similar growth curves ([Fig. 2A](#fig02){ref-type="fig"}). In contrast a mutant P2 strain lacking CRISPR loci A to D and the adaptation-associated *cas* genes ([@b17]) showed retarded growth immediately after infection, consistent with a CRISPR-based defence operating only in the wild-type strain ([Fig. 2A](#fig02){ref-type="fig"}). Cultures were successively diluted to an *A*~600~ of 0.05 when stationary growth was reached every 3 days, with no addition of fresh virus mixture. Growth retardation of the infected wild-type cells was first observed 10 days post infection ([Fig. 2B](#fig02){ref-type="fig"}). This change preceded formation of larger amplified products from CRISPR loci indicative of the uptake of new spacers ([Fig. 2C](#fig02){ref-type="fig"}). Single larger fragments were observed after 12 days for loci C, D and E but not for loci A, B and F. Over 12--20 days, these larger bands increased in yield and, in addition, multiple bands appeared for loci C and D but not for locus E ([Fig. 2C](#fig02){ref-type="fig"}). When these experiments were repeated the onset of growth retardation varied in the range 8--20 days with detectable spacer uptake following 2--3 days later.

![Growth curves of virus-infected *S. solfataricus* P2 and spacer uptake in CRISPR loci.\
A. Growth curves for uninfected (dark blue) and virus-infected (light blue) wild-type cells, and for uninfected (dark green) and infected (light green) CRISPR-minus strain.\
B. Growth curves for uninfected (dark blue) and virus-infected (light blue) wild-type cells at onset of spacer uptake (10--12 days). *A*~600~ measurements were made every 6 h.\
C. PCR products amplified from leader proximal regions of CRISPR loci A to F of wild-type strain and matched to growth curves (Dpi3 and Dpi12). Dpi, days post infection.](mmi0085-1044-f2){#fig02}

DNA from the larger PCR products was cloned and transformed into *E. coli*, and DNA from single colonies was sequenced through the leader proximal regions of loci C and D (five spacers each) and locus E (seven spacers). Surprisingly, large numbers of newly incorporated, unique, spacer sequences were found at each locus ([Table 1](#tbl1){ref-type="table"}). For loci C and D, 263 and 200 clones yielded 160 and 164 new unique spacers, respectively, and about 25% of the clones carried two to four new spacers. For locus E, 128 clones showed 94 unique single spacer inserts ([Table 2](#tbl2){ref-type="table"}). Moreover, a few identical spacers were taken up in different loci indicating that the adaptation process was not specific for a given CRISPR locus ([Table 1](#tbl1){ref-type="table"}). To screen for insertions or deletions within the whole of locus C, PCR analyses were performed throughout the locus (2 kb) and no changes were detected after 70 days of continuous culture.

###### 

New spacers inserted into CRISPR loci C, D and E.

                        Unique inserts of single spacers or unique combinations of spacers            
  --- ----- ----- ----- -------------------------------------------------------------------- ---- --- ---
  C   263   333   160   124                                                                  39   5   0
  D   200   260   164   126                                                                  39   3   1
  E   128   128   94    94                                                                   0    0   0

Total numbers of clones sequenced for each locus are given. Some spacers unique for a given locus were shared: loci C + D (15 pairs), loci C + E (7 pairs), loci D + E (3 pairs) and loci C + D + E (1 triple) and a few spacers within multiple spacer inserts were identical to single spacer inserts.

###### 

Distribution of new spacer inserts in CRISPR locus E where repeat 1 is leader proximal.

  Locus E repeat number   Total clones   Unique spacers at a given repeat
  ----------------------- -------------- ----------------------------------
  1                       18             16
  2                       1              1
  3                       13             13
  4                       85             53
  6                       10             10
  7                       1              1
  Total                   128            94

In total 128 independent clones were sequenced carrying a total of 94 different spacer sequences. Four pairs of spacers occurred at different repeats.

Two different adaptation mechanisms
-----------------------------------

There is a major difference in the adaptation mechanisms of the different CRISPR loci. Loci C and D accrued one to four new spacers adjacent to the leader region, consistent with insertion occurring at the first repeat, although for clones exhibiting multiple new spacers the insertion order could not be ascertained. In contrast, only single spacer insertions were found for locus E and, moreover, they occurred at six of the eight repeats with a bias to repeat 4 ([Table 2](#tbl2){ref-type="table"}). These differences with respect to both the spacer insertion position and number of integrated spacers may reflect that locus E carries a different type of leader sequence from loci C and D ([@b17]). Moreover, the results indicate that for locus E, the repeats themselves are also important mechanistically for spacer insertion.

Sequences of the virus mixture
------------------------------

DNA was extracted from the virus mixture that had been isolated from an infected culture of *S. solfataricus* P2 and purified on a CsCl gradient. The DNA was subjected to a round of Illumina sequencing with reads averaging about 90 bp. The sequences were assembled automatically using the CLC genomics workbench and the analysis yielded two sets of larger contigs one with a very high sequence coverage averaging 20 000-fold and another with a low coverage of five- to seven-fold. The contigs were analysed using Artemis ([@b41]) and several predicted ORFs for the high coverage element(s) showed best sequence matches mainly to ORFs of the bicaudavirus ATV and the tailed fusiform virus STSV1 ([@b20]; [@b53]; [@b40]) summarized in [Table 3](#tbl3){ref-type="table"}. We inferred that these sequences derived from the dominant single-tailed virus that resembles STSV1 morphologically ([Fig. 1C](#fig01){ref-type="fig"}). Sequence alignments of these viral contigs with spacers of the six CRISPR loci of *S. solfataricus* P2 revealed in total eight perfect matches located in loci A (spacer 38) and D (spacers 24, 26, 34, 35, 37, 39 and 40 -- all numbered from the leader) and specific TCN or CCN PAM motifs respectively. Moreover, spacers showing one to four mismatches which may have been active in interference ([@b17]; [@b31]) were present in loci B (spacer 34) and F (spacers 20, 21, 47, 59, 62 and 82).

###### 

Assembled contigs of the high sequence coverage tailed fusiform virus.

                               Best match                                
  ----- ---------- ----------- ------------ -------------------- ------- -------------
  1     19325      588         ATV_66       618                  1e_48   MoxR ATPase
  349   ATV_67     545         5e_05        Membrane protein             
  222   ATV_35     220         0.006        --                           
  242   ATV_72     241         2e_128       Integrase                    
  105   ARV1_05    102         2e_13        --                           
  248   pNOB8_16   246         2e_134       --                           
  137   ATV_19     98          1e_23        --                           
  307   ATV_55     286         2e_28        Acetyl transferase           
  319   ATV_34     330         3e_125                                    
  2     10093      1642        STSV1_34     2308 Nter            4e_18   Structural
  126   ATV_42     145         4e_07        --                           
  279   ATV_56     277         6e_07        --                           
  3     6753       143         Ahos_980     135                  5e_53   GtrA family
  757   ATV_60     710         6e_97        Transmembrane                
  153   ATV_62     131         3e_10        Coat protein                 
  373   ATV_71     1334 Cter   6e_23        Structural                   

Best sequence matches to the predicted contig ORFs are given together with expectancy values.

Analysis of the contigs with low sequence coverage showed that most predicted ORFs yielded best matches to ORFs of conjugative plasmids of the Sulfolobales with the *Acidianus* plasmid pAH1 and the *Sulfolobus* plasmid pARN3 dominating ([Table 4](#tbl4){ref-type="table"}) ([@b15]; [@b5]). In addition, there were a few best matches to putative conjugative plasmid regions integrated within chromosomes of members of the Sulfolobales. In contrast to the results for the virus, no significant sequence matches were observed between the contigs of the putative conjugative plasmid and the spacers of the six CRISPR loci of *S. solfataricus* P2. The best match was to spacer 49 of locus A with six mismatching nucleotides.

###### 

Contigs assembled for the low sequence coverage putative conjugative plasmid.

  Contig   Size (bp)               Matching spacers   Unique spacers      Forward/reverse   ORFs          Orf match                   e value   Putative function
  -------- ----------------------- ------------------ ------------------- ----------------- ------------- --------------------------- --------- --------------------
  1        7277                    151                125                 60/65             200           pARN3_06                    7e_62     Conserved plasmid
  472      pARN3_05                0.0                Membrane protein                                                                          
  622      pAH1_04                 0.0                TrbE-like                                                                                 
  223      pARN3_02                2e_85              Conserved plasmid                                                                         
  712      pARN3_01                0.0                Conserved plasmid                                                                         
  2        6723                    141                123                 66/57             192           pAH1_09                     1e_50     Membrane protein
  182      pAH1_p11                2e_93              Membrane protein                                                                          
  132      pARN3_10                2e_55              Conserved plasmid                                                                         
  1029     pAH1_p13                0.0                TraG-like                                                                                 
  3        2469                    63                 50                  21/29             95 (Nter.)    pNOB8_19                    2e_33     Conserved plasmid
  93       pNOB8_18                2e_09              Conserved plasmid                                                                         
  196      pARN3_21                2e_45              Conserved plasmid                                                                         
  174      pSOG1_16                1e_11              DNA binding                                                                               
  4        2003                    20                 19                  12/7              95            pAH1_31                     1e_54     Conserved plasmid
  91       pKEF9_29                2e_29              Conserved plasmid                                                                         
  71       pSOG1_27                1e_21              Conserved plasmid                                                                         
  94       pNOB8_01                0.030              Conserved plasmid                                                                         
  158      pAH1_23                 1e_63              Conserved plasmid                                                                         
  5        1780                    31                 25                  17/8              435           pHVE14_20,21                0.0       OrfA/B IS200/605
  6        1426                    17                 16                  8/8               83            pHVE14_41                   8e_44     PlrA protein
  228      *M. sedula* Msed_2202   3e_161             Unnamed protein                                                                           
  7        1314                    14                 11                  7/4               361 (Cter.)   pKEF9_31                    0.0       Integrase
  8        412                     10                 7                   4/3               102           pARN3_15                    6e_22     Conserved plasmid
  9        185                     9                  8                   5/3               partial       *A. hospitalis* Ahos_0414   2e_84     Transporter Orf393
  10       152                     23                 21                  12/9              partial       Ahos_0414                   8e_18     Transporter Orf393

The sizes are given together with the number and directions of the matching spacers. The best sequence matches to the predicted contig ORFs are given together with their expectancy values.

The presence of a putative conjugative plasmid in the virus preparation was unexpected given that the virus mixture was purified by buoyant density gradient centrifugation and that the plasmid was not detectable by PCR in the wild-type *S. solfataricus* P2 strain prior to infection with the virus mixture. To test for its presence in the purified virus mixture, the latter was treated with DNase I before extracting the DNA from the virus particles. A decrease in DNA concentration was detected, probably due to virus particles having been disrupted during the purification process, but PCR amplification of the *traG*-like gene after DNA digestion confirmed the presence of the putative conjugative plasmid in the virus mixture ([Fig. S1](#SD1){ref-type="supplementary-material"}).

Location and distribution of protospacer sites
----------------------------------------------

Sequences of new spacer inserts were assembled automatically with all the larger contigs deriving from the virus mixture ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}) and, to our surprise, they assembled exclusively on the low coverage contigs of the putative conjugative plasmid. The number of spacers associated with each contig are listed in [Table 4](#tbl4){ref-type="table"}. The spacers were distributed fairly evenly along each of the DNA contigs and they were arranged almost equally on the two strands ([Table 4](#tbl4){ref-type="table"}), consistent with earlier bioinformatic analyses ([@b42]; [@b44]). Only 32 of the 418 sequenced spacers could not be directly matched to the contigs and we assume they lie within gaps in the conjugative plasmid sequence.

CCN PAM motif was invariant for CRISPR loci C, D and E
------------------------------------------------------

Although the protospacers are distributed fairly evenly along the contigs there were a few local clusters of spacer matches. These were detected initially when we attempted to assemble the newly incorporated spacer sequences alone. They yielded a few small contigs of 80--150 bp each carrying multiple unique spacer sequences, exemplified by the 152 bp contig in [Fig. 3](#fig03){ref-type="fig"}. These provided insights into both the specificity and the variety of protospacer excision sites. The leader proximal end of the spacer sequence was adjacent to an invariant CCN protospacer adjacent motif (PAM), located on either DNA strand as predicted earlier for crenarchaeal subfamily I CRISPR arrays ([@b28]; [@b34]; [@b42]). For overlapping, near identical spacers, the PAM-associated ends were homogeneous with heterogeneities occurring only when preceded by overlapping PAM motifs including -CCC- or -CCCC-. In contrast, leader distal ends were heterogeneous with no evidence of any base or sequence specificity at the cleavage site ([Fig. 3](#fig03){ref-type="fig"}). Given that spacer lengths varied from 36 to 43 bp ([Fig. 3](#fig03){ref-type="fig"}), it is inferred that the cleavage occurs by an imprecise ruler mechanism measured from the PAM motif site. Rare examples of apparent inverted spacer insertion were detected, relative to the PAM motif site, and two are colour-coded in [Fig. 3](#fig03){ref-type="fig"}. This general pattern of protospacer cleavage was conserved throughout the contigs of the putative conjugative plasmid ([Table 4](#tbl4){ref-type="table"}).

![Assembly of newly inserted spacer sequences. Composition of one contig generated from overlapping spacer sequences on both DNA strands. Arrowheads indicate the direction away from the leader (corresponding to spacer crRNA sequence). Two spacers (in red) have opposite orientations. Spacers are preceded by a CCN protospacer-associated motif (PAM) ([@b28]) (in blue and bold type). CCN motifs with no detected spacers (green). Loci origins and spacer lengths are indicated.](mmi0085-1044-f3){#fig03}

Simultaneous intracellular adaptation of three CRISPR loci and their effect on genetic elements
-----------------------------------------------------------------------------------------------

Single clones were generated from the culture approximately 15 days after the onset of adaptation (day 27). Fourteen clones were selected that showed PCR evidence for new spacer uptake in the CRISPR loci C, D and E. Sequencing revealed that each of the clones carried new spacer inserts. Six clones contained new spacers in either locus C or D, seven clones had acquired spacers in both loci C and D, and one clone exhibited new spacers in all three loci ([Table 5](#tbl5){ref-type="table"}). One-third of the new inserts in loci C and D were of two or three spacers. On balance locus D appeared more active than locus C carrying 21 versus 13 new spacers and this may correlate with locus D being much larger than locus C in the wild-type strain ([Fig. 1A](#fig01){ref-type="fig"}). Locus E exhibited a lower activity level.

###### 

Sequences of newly integrated spacers identified in 14 single clones (S1 to S14) generated 15 days after the onset of adaptation (day 27)

  --
  --

Three of the single clones, S11 with an insertion in locus C, S3 with an insertion in loci C and D and S10 with insertion in loci C, D and E ([Table 5](#tbl5){ref-type="table"}), and an additional purified clone R1 devoid of additional spacers were cultured, with the wild-type strain as control, and reinfected with the purified virus mixture. Growth rates of each of the four single clones did not differ significantly from those of the wild-type control and no new spacer uptake was detected 25 days post infection.

PCR amplification of *orf174* within an operon in viral contig 1 ([Table 3](#tbl3){ref-type="table"}) showed that each of the three clones S3, S10 and S11, as well as R1, could be reinfected with the tailed fusiform virus ([Fig. 4](#fig04){ref-type="fig"}). Amplification of the *traG*-like gene located in contig 2 of the putative conjugative plasmid by PCR ([Table 4](#tbl4){ref-type="table"}), showed that the plasmid was not detectable after about 20 days post infection in cultures of the single clones S3, S10 and S11 as a result of being out-diluted by successive dilutions every 3 days. However it was propagating in the wild-type culture ([Fig. 4](#fig04){ref-type="fig"}). In contrast, the single clone R1 was still sensitive to the putative conjugative plasmid but yields were constantly lower than for the wild-type strain over a 30-day period (data not shown). Thus, only the single clones with newly acquired spacers were resistant to the putative conjugative plasmid and we infer, therefore, that the latter was confined to cells for which adaptation had not been activated in the infected wild-type culture.

![Yields of virus and putative conjugative plasmid in single clones carrying new spacers. Reinfection with the purified virus mixture of isolated single clones containing new spacers in locus C (S11), loci C and D (S3) and in loci C, D and E (S10). PCR products of *orf174* within an operon in viral contig 1 ([Table 3](#tbl3){ref-type="table"}) and of the *traG*-like gene in contig 2 of the putative conjugative plasmid ([Table 4](#tbl4){ref-type="table"}) were PCR-amplified from DNA isolated from cultures 2 and 20 days post infection (Dpi).](mmi0085-1044-f4){#fig04}

Challenging a CRISPR-minus mutant with the virus mixture
--------------------------------------------------------

Growth curves demonstrated that the mutant which lacked CRISPR loci A to D and the adaptation-associated genes showed retarded growth immediately after infection with the purified virus mixture ([Fig. 2A](#fig02){ref-type="fig"}). However, in two out of three cultures the growth recovered and, after several days of culturing, CRISPR loci A to D were detected in the culture ([Fig. S2](#SD1){ref-type="supplementary-material"}), implying that a small residual population of CRISPR loci-containing cells had survived in the original mutant ([@b17]). After 12 days multiple PCR bands were generated from the cells. The bands were cloned and sequenced and revealed the presence of new spacers in each of loci C, D and E, many of which were identical in sequence and all matches were to the putative conjugative plasmid. Of 55 clones, 29 yielded one unique spacer sequence, 10 produced another, and in total there were only 17 unique sequences. This contrasts with the high percentage of unique spacers observed in the infected wild-type culture ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). We infer that adaptation occurred in the small percentage of cells carrying CRISPR loci A to D and the adaptation-associated proteins ([Fig. 1A](#fig01){ref-type="fig"}), and that these then rapidly outgrew the CRISPR-minus cells and dominated the culture.

Longer-term viability of the genetic elements
---------------------------------------------

The infected wild-type culture was continued beyond 74 days, with successive dilutions every 3 days at stationary phase. The growth rate recovered after about 35 days and PCR amplification of CRISPR loci C to E, after 45 days and 70 days, showed no substantial changes in the intensity ratio between the wild-type band and the larger PCR products carrying new spacer inserts ([Fig. 2C](#fig02){ref-type="fig"}). Single clones examined after culturing for 30 days (14 with insertions and 24 without), after 37 days (13 with insertions and 6 without) and after 70 days (23 with insertions and 7 without) revealed a progressive increase in the percentage of clones carrying new spacer inserts in any CRISPR locus. Moreover, PCR products obtained under the same conditions from culture samples taken at regular intervals throughout the 74-day period showed that the level of viral and plasmid DNA oscillated, although the level of plasmid DNA was generally very low ([Fig. 5](#fig05){ref-type="fig"}). The presence of the virus after 70 days was also confirmed by electron microscopy (data not shown).

![Yields of virus and putative conjugative plasmid in the wild-type culture over a 74-day period. PCR products are shown for *orf174* of the virus and the *traG*-like gene of the putative conjugative plasmid isolated from cultures 2--74 days post infection (Dpi). Template DNA was isolated from 2 ml of infected cells and concentrations were adjusted to be the same for each sample prior to PCR analysis.](mmi0085-1044-f5){#fig05}

Discussion
==========

Archaeal viruses are extremely diverse both morphologically and in their genomic properties and they have been classified into several new viral families, distinct from those of bacteria and eukarya ([@b39]; [@b36]; [@b35]). A distinguishing property of many of the viruses, and especially those found in high-temperature environments is that they propagate in carrier-like states with their hosts, often together with other viruses, and very few have been shown to induce cell lysis ([@b39]; [@b35]). This may reflect a tendency to minimize contact with harsh extracellular conditions. Moreover, it has been suggested that CRISPR-based immune systems, which are often complex and disparate in hyperthermophilic archaea, may play a regulatory role in maintaining viruses in low copy numbers ([@b28]; [@b13], [@b14]).

Our initial attempts to induce CRISPR adaptation by infecting *S. solfataricus* P2 singly with the rudivirus SIRV2, the bicaudavirus ATV and the tailed-fusiform virus STSV2 were unsuccessful which suggested that activation of the adaptation mechanism might be more complex in *Sulfolobus* than in the bacteria-specific system of *S. thermophilus* where single phage infections induced adaptation ([@b4]; [@b11]). Successful uptake of spacers could only be induced when employing an environmental sample containing viruses and a putative conjugative plasmid. Selective targeting of the low level putative conjugative plasmid but not of the viral DNA was unexpected given the 1:3300 DNA weight ratio estimated from sequence coverage. Nevertheless, previous analyses of *Sulfolobus* CRISPR loci identified many spacers predicted to arise from conjugative plasmids ([@b27]; [@b42]) and this may reflect that these plasmids can propagate and spread rapidly and efficiently in *Sulfolobus* cultures if unchallenged ([@b38]; [@b57]). Co-migration of the putative plasmid with virions in bouyant density gradients, and its resistance to DNase I treatment, suggested that it may have been encapsulated by viral coat proteins and transferred as a virus satellite, as has been observed for cryptic plasmids of *Sulfolobus* ([@b3]; [@b51]). Another possibility is that it was extruded from *S. solfataricus* cells within vesicle particles ([@b46]).

Non-targeting of the virus by the activated adaptation mechanism of the host was not anticipated although it is consistent with many crenarchaeal viruses coexisting in stable carrier relationships with their hosts ([@b39]). However, this observation became more intriguing when we discovered that the viral contigs carried eight perfect sequence matches to spacers within loci A (one) and D (seven) as well as specific PAM motifs. This was surprising first because the host was isolated from Pisciarelli near Naples whereas the viruses were sampled in Yellowstone National Park, USA, and it suggested that the virus and or host are more mobile geographically than previously imagined. Second, of the three single viruses employed unsuccessfully in preliminary adaptation studies, SIRV2 and ATV infected the CRISPR-minus mutant but did not propagate in wild-type *S. solfataricus* P2 which carries perfect spacer matches against each virus ([@b42]; [@b17]). In contrast STSV2, carrying no significant spacer matches, propagated in wild-type *S. solfataricus* P2 but did not induce adaptation (S.E. and R.A.G., unpublished). However, exceptionally for crenarchaeal viruses, SIRV2 and ATV, in contrast to STSV2 and the Yellowstone virus, have been shown to induce cell lysis ([@b40]; [@b6]). Possibly, they elicit a strong response from the CRISPR immune system at the onset of lysis. Nevertheless, it is evident that the tailed-fusiform virus described here is not extinguished by the wild-type *S. solfataricus* P2 CRISPR interference response ([@b17]; [@b55]), nor is it susceptible to the host adaptation apparatus despite the latter having been activated. At present we do not understand the mechanism underlying the resistance but it is unlikely that the virus interferes with expression of the adaptation gene cassette by integration in a *csa3* gene encoding a putative transcriptional regulator, as has been inferred for another *Sulfolobus* virus ([@b44]), because this would have blocked all uptake of protospacers, although it could have played a role in specifically blocking adaptation of CRISPR loci A and B.

Induction of spacer uptake in *Sulfolobus* required infection by a virus mixture and was highly specific for (i) the *Sulfolobus* subfamily I CRISPR arrays and (ii) a single genetic element in the mixture; moreover, no spacers derived from the *S. solfataricus* P2 chromosome ([@b45]). This contrasts with the recent demonstration that CRISPR adaptation in *E. coli*, induced by overexpression of adaptation-associated Cas1 and Cas2, was relatively unspecific in acquiring many spacers from the host chromosome although the targeting of chromosomal DNA could reflect the absence of an active interference system in these strains ([@b54]). The regulation of adaptation in *Sulfolobus* is likely to be complex but possibly the third adaptation-related protein Cas4, which is generally encoded in gene cassettes together with Cas1 and Cas2 in archaea ([@b43]), facilitates specific recognition and fragmentation of invading genetic elements.

Wild-type *S. solfataricus* appeared resistant to the virus mixture with no reduction in growth over the first 10 days post infection, in contrast to the CRISPR-minus mutant. Subsequently growth was retarded and this coincided, 12 days post infection, with CRISPR loci C, D and E rapidly acquiring hundreds, and probably thousands, of new spacers, often in multiple unique copies per CRISPR locus, and in multiple CRISPR loci for a given cell. In total, we sequenced about 420 unique spacers deriving from the putative conjugative plasmid. Given that the CCN PAM motifs occur on average every 10 bp in the contigs (see [Fig. 3](#fig03){ref-type="fig"}), this probably constitutes a small proportion of those newly acquired spacers present in the population. Diversity of the protospacer sequences is also enhanced by the variable cleavage distance, 39 (± 4) nucleotides, from the PAM motif although this sequence heterogeneity probably produces minimal benefits for the effectivity of the CRISPR system, a supposition that is strengthened by the observation that overlapping spacers rarely occur within CRISPR loci found in natural *Sulfolobus* strains ([@b27]; [@b28]; [@b42]).

Loci A and B were both inert to adaptation despite their actively taking up new spacers in closely related *S. solfataricus* strains ([@b27]; [@b28]) and the observation that their transcripts are constitutively expressed and processed *in vivo* ([@b28]; [@b52]; [@b10]). However, their assignment to the less common subfamily II crenarchaeal CRISPR loci, on the basis of the sequences of their leaders, repeats, adaptation-linked Cas1 proteins and differing TCN PAM motif ([@b28]; [@b17]), suggests that their adaptation mechanism may be activated differently. We infer that the inactivity of locus F in new spacer uptake is due to its lacking a leader region ([@b27]).

The adaptation mechanism for loci C and D follows the pattern seen for the bacteria-specific type II CRISPR system of *S. thermophilus* and very recently in the type IE system of *E. coli* where new spacers were added adjacent to the leader on phage infection ([@b4]; [@b11]; [@b24]; [@b54]). Clearly, the spacer insertion mechanism operating on locus E of *Sulfolobus* differs both with respect to position, since few insertions occur at repeat 1 ([Table 2](#tbl2){ref-type="table"}), and in being limited to single spacer insertions. The result also undermines the consensus hypothesis that spacer order in CRISPR arrays invariably provides a chronological record of genetic element invasion. The altered mechanism may reflect that locus E is associated with a different type of leader sequence common to *Sulfolobus islandicus* species, from which it may derive ([@b14]), and it requires complementation by Cas proteins associated with other CRISPR loci, probably loci C and D carrying similar repeats ([@b28]). These properties may alter the compatibility between the Cas proteins and the leader of locus E leading to a less stringent insertion mechanism. Although there is support for the leader playing an important functional role ([@b32]; [@b28]; [@b54]), possibly as an assembly site for the adaptation-associated Cas proteins, for locus E the repeats themselves appear to be important mechanistic determinants of adaptation.

After this article was submitted, a second report of spacer uptake in type IE CRISPR systems of *E. coli* strains appeared, in which it was claimed that the 3′-nucleotide of the AAG PAM motif became part of the first repeat during adaptation ([@b47]). For the *Sulfolobus* systems described here, the third nucleotide of the CCN PAM motif is not conserved and therefore the same mechanism cannot apply.

In the long-term infection experiments, continued beyond 74 days, we observed an increase in the proportion of cells carrying spacer insertions, but neither the wild-type host nor the invading genetic elements were extinguished from the culture. Thus, virus--plasmid--host conflicts are ongoing and long term. Presumably when cells are no longer disadvantaged by mutated elements there must be a very strong selection for a limited number of spacers that are especially effective, possibly corresponding to functionally critical, and relatively conserved, genomic sites such as origins of replication.

In conclusion, we have developed a natural system to induce new spacer uptake in a subfamily of CRISPR loci of the model crenarchaeon *Sulfolobus* which allows us to study, in detail, the molecular mechanisms involved in the adaptation process, the molecular basis for viral resistance to the CRISPR-based immune systems, and the longer-term selection processes occurring within the CRISPR-based immune systems of infected *Sulfolobus* populations.

Experimental procedures
=======================

Isolation of virus particles and infection of *S. solfataricus* P2
------------------------------------------------------------------

An aqueous mud sample was taken from an acidic hot spring (pH 2, 85°C) in Monument Geysir Basin, Yellowstone National Park. One millilitre of this sample was added to 50 ml of *Sulfolobus* medium supplemented with 0.2% trypton, 0.1% yeast extract and 0.2% sucrose (TYS medium) ([@b56]) and incubated aerobically for 5 days at 78°C. Two litres of enrichment culture was then established in TYS medium at 78°C. Cells were pelleted (6000 *g*, 10 min) and virus particles were isolated by filtration of the supernatant through 0.2 µm pore filters (Nalgene®). This virus mixture was then used to infect *S. solfataricus* P2 (DSM 1617) cultured in the *Sulfolobus* medium ([@b56]).

Cells of *S. solfataricus* P2 were harvested from fresh culture by centrifuging (6000 *g*, 10 min) and resuspending in 1 ml of TYS medium. Twenty microlitres of virus mixture was added at 3 PFU µl^−1^ and after incubating for 2 h at 80°C, infected cells were transferred to 50 ml of pre-heated (78°C) TYS medium. Infected *S. solfataricus* P2 was then incubated at 78°C for 3--6 days before isolating infectious particles as described above for the enrichment culture. Infections with the single viruses SIRV2, ATV and STSV2 were performed using the same procedure.

Sequencing of the virus mixture
-------------------------------

*Sulfolobus solfataricus* cells were infected and grown for 3 days in 2 l of TYS medium. Cells were separated by centrifugation (6000 *g*, 10 min) and virus particles were isolated from the supernatant by filtration using Vivaspin 20 columns (1 000 000 Mwco, Sartorius Stedim, Aubagne, France) at 1500 *g* and dissolved in 10 mM Tris-HCl, pH 8.0. The virus mixture was then loaded onto 0.45 g ml^−1^ CsCl and centrifuged for 48 h at 38 000 r.p.m. in a SW41 rotor (Beckman, Fullerton, USA). The virus band was extracted from gradients and CsCl was removed by dialysis against 10 mM Tris-HCl, pH 8. DNA was isolated using DNeasy® Blood&Tissue Kit (Qiagen, Hilden, Germany). Sequencing by Illumina sequencing and raw data treatment was performed by Beijing Genomics Institute (Shenzhen, China). Clean data consisting of approximately 90 bp DNA fragments were assembled using the CLC genomics workbench (CLC Bio, Aarhus, Denmark). *orf174* within an operon in viral contig 1 and the *traG*-like gene in contig 2 of the putative conjugative plasmid were selected to detect the appropriate genetic element in host cells. DNA was amplified by PCR using forward and reverse primers 5′-CCCACCTATATCGAATTC-3′ and 5′-GTGTCTCTCATATTTGCAATC-3′, respectively, for the virus and 5′-GCCTTAGCGAGGGCCCAGTTGAACCTGG-3′ and 5′- CTATCCTATCCCTGTCTATCCCTAG-3′, respectively, for the putative conjugative plasmid. DNA from the initial enrichment culture and the *S. solfataricus* P2 culture were used as positive and negative controls respectively.

DNase I treatment of the virus mixture
--------------------------------------

The virus mixture obtained from infected *S. solfataricus* cells was purified in a CsCl density gradient followed by dialysis against 10 mM Tris-HCl, pH 8. One hundred and fifty microlitres of purified virus mixture was digested with DNase I (Fermentas, St. Leon-Rot, Germany) at 37°C. DNA of the digested virus mixture and an undigested 150 µl sample was isolated using DNeasy® Blood&Tissue Kit (Qiagen). DNA concentration was measured using NanoDrop®.

Electron microscopy
-------------------

Virus particles were adsorbed onto carbon-coated copper grids for 5 min and stained with 2% uranyl acetate. Images were recorded using a Tecnai G2 transmission electron microscope (FEI, Eindhoven, Netherlands), with a CCD camera, at an acceleration voltage of 120 kV.

Growth curves and PCR amplification of leader proximal CRISPR regions
---------------------------------------------------------------------

Wild-type P2 strain and the mutant strain lacking CRISPR loci A to D and their associated *cas* genes, were infected with virus mixture and cultivated, with an uninfected control sample, in 50 ml of TYS medium at 78°C. One millilitre of samples of each culture was taken every 6 h and optical densities were recorded at 600 nm. Two millilitres of samples of each culture was taken every 24 h and cells were harvested by centrifugation (6000 *g*, 10 min). DNA was isolated using DNeasy® Blood&Tissue Kit (Qiagen). The leader proximal regions of the six CRISPR loci were amplified by PCR using forward primers 5′-AGCTTCTGACCCGCTCCTGA-3′ for locus A, 5′-AGGGGTTTGTGGGATGGGTTGTG-3′, for locus B, 5′-TCGCTTATCTCTCTCATGCGCCATT-3′ for locus C, 5′-AGTTCCACCCCCGAAGCTCCT-3′ for locus D, 5′-ATAGGGAAAGAGTTCCCCCG-3′ for locus E, 5′-CGGCGTTATAATGGGTATCGGAATCGG-3′ for locus F and reverse primers 5′-GCACATCATCAAACAATGGTAAGCC-3′ for locus A, 5′-ACAACTACCACCACTACCACGG-3′ for locus B, 5′-TGTCCCGTTTTTGTAAGTGGGGG-3′ for locus C, 5′-AGCCGGGACAAGTTTCACAAATTGA-3′ for locus D, 5′-TGACTCTAGTGCAATCTTCGA-3′ for locus E, 5′-GCTCACTATCTCACCCCTATCAATACCC-3′ for locus F. Single clones of infected *S. solfataricus* cells were obtained on Gel-rite plates and cultured in TYS medium ([@b56]).

Cloning of PCR products and sequencing
--------------------------------------

PCR products were separated on 1.5% agarose gels and bands larger than the those of the uninfected control sample were excised from the gel and purified with QIAquick Gel Extraction Kit (Qiagen). Purified PCR products were cloned using InsTAclone™PCR Cloning Kit (Fermentas) following the manufacturers\' protocols. Plasmid purification and sequencing were performed by GATC Biotech AG, (Konstanz, Germany).
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